Kaluza-Klein fields characterizing, from a four-dimensional viewpoint, the presence of compact universal extra dimensions would alter low-energy observables through effects determined by some compactification scale, R −1 , since the one-loop level, thus being particularly relevant for physical phenomena forbidden at tree level by the Standard Model. The present paper explores, for the case of one universal extra dimension, such new-physics contributions to Higgs decays
I. INTRODUCTION
The Standard Model [1] [2] [3] , a field theory governed by the Poincaré group ISO (1, 3) and by the gauge-symmetry group SU(3) C × SU(2) L × U(1) Y , is the current best fundamental description of nature [4] . In particular, the measurement, in 2012, of a scalar particle with mass ∼ 125 GeV, at the Large Hadron Collider (LHC) by the ATLAS and CMS Collaborations [5, 6] , as well as further studies on its properties [7] [8] [9] [10] [11] [12] [13] , display good agreement with the Standard-Model Higgs boson and thus seem to confirm the Standard-Model scalar sector to be the correct formulation behind the origin of mass in the known universe. Nonetheless, this minimal scalar sector is not, by any means, the only option, since candidates from several Standard-Model extensions, involving richer scalar sectors, exist. In this context, investigations aimed at the precise characterization and quantification of Higgs-boson interactions, in the presence of new physics beyond the Standard Model, are interesting and relevant.
Among the variety of Standard-Model extensions, the present investigation is carried out within the framework of a field theory defined on an extra-dimensional spacetime. Initially pointing towards unification of fundamental interactions [14] [15] [16] and then developed in parallel with string theories , extra-dimensional formulations gained great phenomenological appeal when the plausibility of large, TeV-sized, extra dimensions was pointed out in Refs. [41] [42] [43] . Geometrical motivations also inspired models of warped extra dimensions, aimed at the hierarchy problem [44, 45] . In the present work, another well-known extra-dimensional framework is considered, commonly referred to as universal extra dimensions [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] and characterized by the assumption that all the dynamic variables defining a given field formulation depend on the coordinates of the whole spacetime with spatial extra dimensions. The Standard Model in 4 + n universal extra dimensions is a field theory defined in terms of extra-dimensional dynamic fields which are replicas of the fields constituting the four-dimensional Standard Model (4DSM). Moreover, spacetime symmetry ISO(1, 3 + n) is assumed to hold at very high energies, whereas, within the same energy range, the theory is assumed to be invariant with respect to the gauge-symmetry group 1 SU(3, M 4+n ) C × SU(2, M 4+n ) L × U(1, M 4+n ) Y , which is the same as that of the 4DSM in the sense of its gauge generators, but differs in that it is defined rather on the (4 + n)-dimensional spacetime.
While the dynamic variables and symmetries of these 4DSM extensions are defined on spacetimes with extra dimensions, the experimentally-supported [60] assumption that extra dimensions are compact allows explicit integration of the extra-dimensional coordinates in the action, thus yielding effective field theories, known as Kaluza-Klein (KK) theories, whose dynamic variables, dubbed KK modes, depend only on 4 spacetime dimensions [61] [62] [63] . For each extra-dimensional field of the theory, here generically denoted by χ, an infinite set of KK modes χ (k) is generated, each labeled by a discrete multi-index (k) = (k 1 , k 2 , . . . , k n ). Among all the KK fields, a subset of fields known as KK zero modes, χ (0) , are identified as the dynamic variables of the 4DSM, whereas the rest of the fields, called KK excited modes, incarnate new dynamic variables characterizing, from a four-dimensional viewpoint, the presence of extra dimensions. An appealing feature of KK theories originated in field models of universal extra dimensions is the small number of added parameters, which are a high-energy compactification scale, R −1 , and the number of extra dimensions, n. Moreover, these models offer dark-matter candidates [51, 52, 64, 65] , which would be the first KK excited mode of either the photon or the neutrino.
In passing from 4 + n dimensions to four, the KK mass-generating mechanism operates [66] , giving each KK excited mode a mass, which then receives a further contribution through the Englert-Higgs mechanism [67] [68] [69] (EHM) of the 4DSM, provoked by the assumption that the zero-mode Higgs doublet triggers, in complicity with the zero-mode scalar potential, spontaneous symmetry breaking. As usual, the Higgs field h (0) emerges as a byproduct. Detailed discussions on the role of the EHM in the Standard Model in universal extra dimensions and its associated KK theory can be found in Refs. [58, 70] . Phenomenological investigations on Higgs physics in this extra-dimensional context have been carried out as well [53, [71] [72] [73] [74] [75] . An important feature of field models with universal extra dimensions is that low-energy Green's functions, and thus 4DSM observables, receive their very first corrections at the loop level, which is a consequence of conservation of extra-dimensional momentum [46] . Therefore, physical processes and observables forbidden in the 4DSM at the tree level are particularly important for this kind of new physics. With this in mind, the present paper explores the effects produced by the KK modes originating in the five-dimensional Standard Model (5DSM) on the decays h (0) → q (0) α q (0) β , of the Higgs boson into 4DSM quark pairs, with quark-flavor change, that is with α = β, and where final-state quarks can be either u-or d-type. The geometry of the compact extra dimension is assumed to be an orbifold S 1 /Z 2 , with radius R. We find exact results that are ultraviolet (UV) finite, written in terms of Passarino-Veltman scalar functions [76, 77] and which decouple as R −1 → ∞. By assuming the extra dimension to be tiny, we find approximate expressions, defined by elementary functions of masses.
These analytical expressions are then implemented to the specific decay processes
. We conclude that the effects from this extra-dimensional new physics lie about 2 to 3 orders of magnitude below 4DSM contributions, for a compatification scale in the interval 1.4 TeV < R −1 < 10 TeV.
The paper has been organized as follows: in Section II a brief discussion on the theoretical framework is carried out, including explicit expressions of Lagrangian terms which are relevant for the main calculation; the analytical calculation of the contributions from the whole KK theory to the branching ratio for
β is presented and discussed in Section III, where approximate expressions, valid for very large compactification scales, are derived; these results are implemented to specific decays in Section IV, where numerical estimations and a discussion are provided; finally, our conclusions are presented in Section V.
II. THE FIVE-DIMENSIONAL STANDARD MODEL AND ITS KALUZA-KLEIN THEORY
In this section, a brief description of the model is presented. We refer the reader interested in the details of this formulation to Refs. [57, 58, 66, 70, 78] , in which thorough discussions on the matter can be found. A main purpose of the discussion at hand is the presentation of KK Lagrangian terms from which Feynman rules follow in order to write down the one-loop Feynman diagrams contributing to the amplitude for the decay process
The 5DSM is a field formulation set on a fivedimensional Minkowski-like spacetime, characterized by the metric g MN = diag(1, −1, −1, −1, −1), with capital-letter indices corresponding to the five spacetime coordinates: M, N = 0, 1, 2, 3, 5. The symmetry groups of this theory are assumed to be ISO (1, 4) , for spacetime, and SU(3, M 5 ) C × SU(2, M 5 ) L × U(1, M 5 ) Y for gauge symmetry in five spacetime dimensions. We assume that such symmetries govern the physical description at very high energies, while at some lower-energy scale, which we refer to as the compactification scale, the extra dimension manifests its compact nature, here assumed to have the geometry of the orbifold S 1 /Z 2 , with radius R. Under such circumstances, R −1 is used to characterize the compactification scale, which we assume to be larger than the electroweak scale v = 246 GeV. This hierarchy of energy scales is consistent with lower bounds on the compactification scale R −1 , among which the most stringent limit, derived from LHC data, is R −1 > 1.4 TeV [60] .
The 5DSM Lagrangian, L SM 5 , is written as the sum
, of the Yang-Mills sector L YM 5 , the scalar sector L S 5 , the Yukawa sector L Y 5 , and the currents sector L C 5 , all of them defined in five spacetime dimensions. The field content comprising the 5DSM is analogue to the set of dynamic variables of the 4DSM, but with all the fields defined in the five spacetime dimensions. The gauge-symmetry group SU(2, M 5 ) L comes along with 3 connections W j M (x,x), where j = 1, 2, 3 is the gauge index, whereas the Abelian group U(1, M 5 ) Y introduces the gauge field B M (x,x). An SU(2, M 5 ) L scalar doublet Φ(x,x), with hypercharge Y Φ , defines the scalar sector. In view of the lack of a proper chiral matrix in five-dimensional spinor-field theories, nonchiral SU(2, M 5 ) L doublets,
where α = e, µ, τ and β = u, c, t, as well as SU(2, M 5 ) L nonchiral singlets
where again α = e, µ, τ and β = u, c, t, are introduced. The orbifold geometry of the compact dimension is such that periodicity and defined-parity properties with respect to the extra dimension can be given to the fields, which are then Fourier expanded as
with x andx denoting the ordinary four-dimensional coordinates and the coordinate of the extra dimension, respectively. In this equation, KK modes
may or may not be present, which is determined by the specificx-parity property of the five-dimensional field χ and by the type of field as well. Five-dimensional tensor fields involve either even KK modes χ (0) and χ
. Moreover, five-dimensional spinor fields include both even and odd KK modes, which are four-dimensional chiral spinors, with chiralities determined by parity of χ [79, 80] .
To map the five-dimensional fields into their KK modes, which depend only on four spacetime dimensions, two canonical transformations are implemented [78] , one of which characterizes the explicit breaking of extra-dimensional Lorentz symmetry by compactification whereas the other is the aforementioned set of Fourier expansions. The KK modes are the dynamic variables of the theory after compactification. While the spacetime-symmetry group of the KK theory is ISO (1, 3) , gauge symmetry in five dimensions gets split, at four dimensions, into two disjoint sets of transformations which leave the theory invariant, namely, the standard gauge transformations and the nonstandard gauge transformations [57, 78] .
The standard gauge transformations constitute the gauge group SU(3,
in four dimensions of spacetime and under which the KK zero modes of five-dimensional gauge fields are the only ones transforming as four-dimensional gauge fields, thus being recognized as the connections of the KK gauge theory. Nonstandard gauge transformations, on the other hand, do not form a group; they are a manifestation that extra-dimensional gauge symmetry is still present, though not explicitly.
After incorporation of the KK modes in the theory, through Eq. (3), the fifth spacetime coordinate, corresponding to the compact dimension, stops labeling degrees of freedom, a role taken over by KK indices (k), and its presence in the Lagrangian gets relegated to trigonometric functions, which can be straightforwardly integrated out from the Action as S SM
is the four-dimensional effective KK Lagrangian. Even though compactification breaks five-dimensional Lorentz invariance, the KK theory is still invariant under the four-dimensional spacetime symmetry group ISO (1, 3) . In this context, any five-dimensional vector splits into a KK four-vector of SO(1, 3) and a KK Lorentz scalar. Nonchiral spinors in five dimensions separate into two sets of right-handed and two sets of left-handed four-dimensional spinors, with left-handed spinors constituting SU(2, M 4 ) L doublets and right-handed spinors being singlets under such a gauge group. Furthermore, the KK mechanism generates a nonzero mass m (k) = k/R, determined by the compactification scale R −1 and the KK index (k), for KK excited modes while leaving zero modes massless. In particular, gauge KK zero modes, protected by gauge symmetry in four dimensions, consistently remain massless, though the associated vector KK excited modes become massive. In the case of KK scalars generated from five-dimensional gauge modes, they remain massless as well, but, contrastingly to the case of zero-mode gauge fields, they are unphysical, sort of like pseudo-Goldstone bosons, in the sense that a gauge choice, with respect to nonstandard gauge transformations, which eliminates them from the KK theory exists [57, 58, 78] .
Once the process described in the previous paragraph has occurred, the resulting KK Lagrangian L SM KK comprises the 4DSM and a large set of couplings involving KK zero and excited modes, with the zero modes playing the role of 4DSM fields. To this respect, let us emphatically point out that a judicious endowment of x-parity properties of five-dimensional fields is crucial to get the 4DSM as the low-energy theory. Even so, note that alternative parity properties have been taken advantage of in models of gauge-Higgs unification [81] . In particular, the 4DSM includes a scalar sector, given in terms of the zero mode SU(2, M 4 ) doublet Φ (0) . This zero-mode sector involves the gauge-invariant scalar
with µ 2 > 0 a quantity with units (mass) 2 and λ a dimensionless and positive coupling constant. Having a scalar potential with a gauge invariant set of minima, the theory is, as usual, subjected to spontaneous symmetry breaking. The particular minimum determined by the condition φ (0)T 0
is chosen, so that the EHM takes place. Most of KK zero-mode fields χ (0) become massive with mass m χ (0) , in the standard manner, whereas each KK excited mode receives a mass-term contribution, resulting in a total mass m χ (k) , given by m 2
For practical reasons, we find it convenient to describe the resulting field content of the KK effective theory. Regarding the set of KK zero modes, we have the 4DSM spectrum which emerges after spontaneous symmetry breaking. There is a massless gauge field A (0) µ , to be identified as the electromagnetic field, whereas intricate. The specifics of such a procedure can be found in Refs. [58, 70] . To describe the KK-excited-mode-field content of the KK theory, we consider some fixed KK index (k) = (0). For any such KK index, there is a field spectrum, which replicates for all other KK indices. Recall that the mass of a KK excited mode χ (k) , associated to the zero-mode field χ (0) , is given by
is generated by the EHM and m (k) comes from the KK mass-generating mechanism. The theory involves a massive vector field A (k) µ , which is a KK excited mode corresponding to the photon field. The KK excited-mode field spectrum also includes KK charged vector fields W While gauge symmetry is essential for the construction of realistic fundamental descriptions of nature, gauge fixing is an imperious step for the quantization of any gauge field theory [84, 85] . The phenomenological calculation to be performed is characterized by Feynman diagrams, each separately generating a gauge-dependent contribution. Since S-matrix elements are required to be independent of the gauge choice, such a gauge dependence must vanish when summing all contributing diagrams together. With this in mind, we address gauge fixing of the KK theory. The presence, at the four-dimensional level, of the standard and the nonstandard gauge transformations opens the possibility of implementing two independent gauge-fixing procedures, one per each set of transformations, thus eliminating the whole symmetry from the KK theory. To remove invariance under the standard gauge transformations we choose the unitary gauge, so zero-mode pseudo-Goldstone bosons shall be absent. In the case of the nonstandard gauge transformations, on the other hand, we consider the so-called nonlinear gauges [86] [87] [88] [89] . The Becchi-Rouet-Stora-Tyutin quantization [90] [91] [92] , taking place within the field-antifield formalism [93] [94] [95] [96] [97] [98] , provides a suitable context to quantize gauge systems by a procedure that, from an operative perspective, reduces to the specification of general gauge-fixing functions. In such a context, the standard linear-gauge-fixing approach can be implemented [99] . Nonetheless, for the present calculation we opted for a nonlinear set of gauge-fixing functions, which are given by
These equations define the gauge-fixing sector
characterized by the gauge-fixing parameter, ξ. Nonlinear gauge-fixing schemes like this have been utilized before in extra-dimensional contexts [57, 58, 70, 100, 101] , while their use has been of profit in the SM [102, 103] and SM extensions as well [104] [105] [106] [107] [108] . Within this gauge-fixing approach, we carry out the calculation in the Feynman-'t Hooft gauge, which corresponds to the value ξ = 1.
The full KK effective Lagrangian, found after implementation of compactification and the EHM, includes the whole 4DSM, but also contains a plethora of couplings in which KK excited modes take part. The Lagrangian terms and/or Feynman rules of the 4DSM are available in the literature [83, 109] , so we rather focus on Lagrangian terms in which KK excited-mode fields participate. From the sum L S KK + L GF(k) KK , which combines the KK scalar sector and the KK-excited-mode gauge-fixing sector, we have the Lagrangian terms 
Here, P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2 are the chiral projection operators. Furthermore, κ βα denotes the entries of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [4, [110] [111] [112] [113] , with β = u, c, t and α = d, s, b. The CKM matrix is the only source of CP violation in the 4DSM, which important for baryon asymmetry in the universe to be explained [114] . These expressions also involve the mixing angles
In this section, an analytical calculation of the branching ratio for the decay
is carried out, in the context of the KK theory previously discussed. Calculations and estimations of the 4DSM contributions to this process, occurring for the first time at one loop, have been performed in Refs. [115, 116] . For the present investigation, such a calculation is reviewed, together with the calculation of KK-excited-modes contributions, in order to determine the total contribution from the whole KK theory.
The Feynman diagrams characterizing this decay process are shown in Figs. 1-3. All such diagrams include 
includes no physical charged scalar fields, so diagrams involving physical zero-mode charged scalars are absent. Furthermore, recall that we have chosen the unitary gauge to remove zero-modes gauge symmetry, in which case the calculation of the 4DSM contributions includes no diagrams with zero-mode pseudo-Goldstone bosons, thus leaving only zero-mode contributions from the gauge diagrams given in Fig. 1 .
As for the contributing Feynman diagrams displayed in Fig. 1, consider, for 
The calculation of these contributions has been accomplished by following the dimensional regularization approach [117] and the Passarino-Veltman tensor reduction method [76] , implemented through the software Mahtematica, by Wolfram, and the package Feyncalc [118] . Explicit expressions of the coefficients h 21), are provided for the case (k) = (0) in Appendix A. We have verified that UV divergences proceeding from loop integrals in the coefficients h (k)γ j,αβ vanish exactly. In general, the specific manner in which the elimination of such UV divergences takes place, for some given calculation, depends on the gauge choice. For instance, these cancellations are usually more intricate in the unitary gauge, in which gauge propagators increase the superficial degree of divergence of loop integrals. In the nonlinear gauge-fixing approach, followed throughout the present investigation to calculate the contributions from KK excited modes, expressions emerged from the diagrams of Fig. 1 are finite by themselves, upon operation of the Glashow-Iliopoulos-Maiani mechanism [119] . And the same holds for diagrams with virtual pseudo-Goldstone-boson lines in Figs. 2 and 3 . Furthermore, if the whole set of contributing diagrams are taken at once, the resulting expression is finite, even without intervention of such a mechanism.
The afore-described cancellation of divergences exclusively regards UV divergences originating in loop integrals, which are continuous sums over fourdimensional momenta. In the general context of a field theory defined in a (4 + n)-dimensional spacetime, the contributions from KK excited modes to standard Green's functions 2 include multiple infinite sums running over discrete extra-dimensional momenta, namely the KK sums, which are a source of further divergences. This is expected on the grounds of Dyson's criterion of renormalizability, according to which extra-dimensional field theories are nonrenormalizable [84] . The KK theory of the Standard Model in 4 + n dimensions comprises only four-dimensional couplings which, from the same criterion, are renormalizable, thus suggesting that the presence of divergent KK sums is a manifestation of nonrenormalizability inherited from the original theory in 4 + n dimensions. It has been argued, in Refs. [120] [121] [122] [123] , that such discrete divergences are genuine UV divergences, though associated to short-distance effects in the compact extra dimensions, as they come from sums that include infinitely-large values of extra-dimensional momenta. Since for the present investigation only one extra dimension has been assumed to exist, no such KK divergences arise in our phenomenological calculation, so elimination of divergences from loop integrals suffices to ensure UV finiteness of the KK contributions. This statement is better appreciated in a scenario of large compactification scale R −1 , where the expressions can be expanded in powers of (R/k) 2 , which directly turn KK sums into finite Riemann zeta functions, ζ(2s) = ∞ k=1 k −2s , with s a natural number so that KK contributions decouple in the limit as R −1 → ∞. Finiteness of exact contributions, with no regard to R-series, has been recently discussed in detail for five-dimensional quantum electrodynamics [120] , fivedimensional Yang-Mills theories [121] , λφ 4 theory [122] in five spacetime dimensions, and the 5DSM [123] , where an intricate interplay between the one-dimensional Epstein function [124] , emanated from KK sums, and the gamma function, proceeding from dimensional regularization, has been shown to produce nontrivial eliminations of KK-sums divergences. The presence of two or more extra dimensions complicates things, since in such cases amplitudes carry multiple KK sums, thus yielding divergent results, with divergences characterized by poles of the Epstein function [101, [120] [121] [122] [123] . In such cases, renormalization has to be implemented in a modern sense [125] , supported by the formalism of effective Lagrangians. Being nonrenormalizable, field theories of extra dimensions cannot be fundamental and thus must include an infinite sum of Lagrangian terms with increasing canonical dimensions, which involve a higher-energy scale to be interpreted as the characteristic scale of some fundamental physical description of nature [126] , beyond extra dimensions. The Lagrangian terms with canonical dimensions greater than 4 + n are extra-dimensional analogues of the nonrenormalizable interactions that constitute effective theories in four dimensions [127, 128] . After compactification, effective-Lagrangian interactions with canonical dimensions greater than 4 + n generate the necessary counterterms to carry out renormalization. According to the formalism of effective theories, such terms are understood to be a parametrization of effects produced at lower energies by the fundamental higher-energy formulation [126] . In this sense, UV divergences from KK sums are absorbed by the fundamental higher-energy physical description. These ideas have been implemented and thoroughly discussed, in KK theories, in Refs. [120] [121] [122] [123] . 
the aforementioned decay-rate terms are expressed as 2 and N C = 3 the color index. In order to write down Eqs. (23) and (24), the Glashow-Iliopoulos-Maiani mechanism, induced by the unitarity condition κκ † = κ † κ = 1 3 characterizing the CKM matrix, has been implemented. These expressions comprehend two scenarios: (1) external quarks q (0) are u-type, in which case γ 1 = d, γ 2 = s, and γ 3 = b;
(2) external quarks q (0) are d-type, for which γ 1 = u, γ 2 = c, and γ 3 = t.
Regarding the contributions from KK excited modes, we assume a very large compactification scale R −1 , and within such a context we express the factors h KK j,αβ as the R-power series
where α is the fine-structure constant. In accordance with the Appelquist-Carazzone decoupling theorem [126, 129] , decoupling of extra-dimensional effects in the limit as R −1 → ∞ is explicit in this equation. Higher-order terms are proportional to even powers of the compactification radius R.
IV. NUMERICAL ESTIMATIONS AND DISCUSSION
In what follows, the results found in the previous section are taken advantage of, aiming at the determination of the leading contributions from the extra-dimensional physics to the branching ratios of quark-flavor-changing Higgs decay processes h (0) → q , we find the following 4DSM predictions for branching ratios:
Br(h (0) → s (0) d (0) ) SM = 8.65 × 10 −15 ,
We utilized the package LoopTools [130, 131] to perform the numerical evaluations which leaded to these results.
Following the model-independent approach provided by the effective-Lagrangians technique, the authors of Ref. [132] investigated and discussed whether or not quark-flavor-changing interactions of the Higgs boson would be directly measurable by the LHC, estimating the upper bound Br(h (0) → b (0) s (0) ) NP < 4.1 × 10 −4 on the impact of new physics contributing to such processes. Using the results of that paper, the up-
and Br(h (0) → c (0) u (0) ) NP < 2.6 × 10 −6 , on the other quarkflavor-changing Higgs decays, are estimated. These values are well above 4DSM predictions, but lie beyond sensitivity of the LHC. Bounds on these processes, also established through the formalism of effective Lagrangians, were reported in Ref. [133] as well. It is worth mentioning the quark-flavor-changing electromagnetic decays q [134] . Furthermore, the KK theory from the 5DSM has been shown to yield branching-ratio contributions as large as ∼ 10 −15 [70] , in accordance with current lower limits on the compactification scale R −1 .
About bounds on R −1 , most available results regard the case of one extra dimension. In the so-called models of minimal universal extra dimensions, supersymmetrysearches data from the LHC were utilized in Ref. [60] to establish the limit 1.4 TeV R −1 . Also from LHC data, the bound 1 TeV R −1 has been estimated [135] . In Ref. [64] , the lower bound 1.3 TeV R −1 was established by investigating the contributions from KK dark matter to relic density. Data from searches of the 4DSM Higgs boson in the LHC were analyzed in Ref. [73] , yielding the less-stringent bound 0.5 TeV R −1 . The decay processB → X s γ has also been considered in order to bound the compactification scale, resulting in the limit 0.6 TeV R −1 [136] . In the context of a non-minimal model of universal extra dimensions, enriched by the presence boundary localized kinetic terms [137] [138] [139] , the authors of Ref. [65] were able to give a more stringent bound on the compactification scale: 2.4 TeV R −1 . Recently, an investigation on the process g (0) g (0) → h (0) → γ (0) γ (0) was carried out in Ref. [123] , from which the bounds R −1 ≥ 1. are compared to estimations obtained through direct numerical evaluation by usage of the package LoopTools. In this figure, only the interference of 4DSM and KKexcited-modes contributions has been considered, with the solid plot representing the LoopTools estimation and the dashed curve corresponding to the R-series branching-ratio term produced by Eqs. (26) and (28) . The LoopTools-estimation plot has been realized by taking only the contributions from the first three KK terms in the KK sum. The curves in Fig. 6 , plotted along the energy-interval 1. .
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2000 3000 4000 5000 6000 7000 8000 9000 10 000 R -1 (GeV) Regarding the branching ratio for h (0) → s (0) d (0) , an energy range of larger compactification scales should be considered for the R-series expression given in Eq. (28) to yield a reliable prediction. To illustrate this, consider Figs. 11-12, which comprise two graphs of branching ratio as a function of the compactification scale R −1 , both plotted in logarithmic scale. The graph of Fig. 11 , carried out over the energy interval 1.4 TeV < R −1 < 15 TeV, includes a variety of plots, among which the upper horizontal solid line represents the 4DSM branching ratio, whereas the dotted curve represents the absolute value of the interference term, which we discuss because it is dominant over the pure-KK-excited-mode contribution. The interference term is a power series in R 2 , from which we have identified the terms of orders R 2 , R 4 , and R 6 , and plotted their absolute values in Fig. 11 . The long-dashed curve is .
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FIG. 10: Extra-dimensional effects on the branching ratio Br(h (0) → c (0) u (0) ). The graph includes a plot for the sole 4DSM contribution (lower horizontal line), and a plot for the total contribution from the whole KK theory (dashed curve). associated to R 2 terms, whereas the medium-dashed and the short-dashed plots represent the contributions from the R 4 and R 6 terms, respectively. From this graph, notice that the R 6 term, which is negative, is the leading contribution for R −1 5.27 TeV, even being dominant over the R 2 term, which is positive. A vertical solid line has been added to this graph with the objective of characterizing a change of sign of the interference contribution, from negative to positive, as for larger compactification scales the R 2 contribution becomes leading. This behavior suggests that the R series is not convergent for R −1 5.27 TeV. Taking this graph as a reference, we notice that from R −1 ∼ 10 TeV and on the leading contribution is practically determined by the R 2 term. Thus we plotted Fig. 12 , which, for 10 TeV < R −1 < 15 TeV, provides a comparison among the contributions to the branching ratio Br(h (0) → s (0) d (0) ) given by the 4DSM contribution (solid horizontal line), the interference term (long-dashed curve), and the pure-KK-excited-modes contribution (short-dashed curve).
V. CONCLUSIONS
The present investigation addressed the calculation and estimation of the effects on quark-flavor-changing Higgs-boson decays h (0) → q β ) involved a set of gauge-dependent Feynman diagrams which, contributing to S-matrix elements, add together to produce gauge-independent contributions. In this context, a SU(2, M 4 ) L × U(1, M 4 ) Ycovariant nonlinear gauge was implemented to fix the gauge with respect to the nonstandard gauge transformations, whereas the unitary gauge was chosen to remove gauge invariance under standard gauge transformations. The new-physics effects were found to be UV finite and decoupling in the limit as R −1 → ∞. A scenario characterized by a very small compactfication radius was then considered, which allowed for the derivation of brief analytic expressions for the form factors defining the branching-ratio formula for the decays under consideration. The usefulness of these results was discussed and numerical estimations were derived. We found that Kaluza The amplitude Γ αβ , given in Eq. (21) , is defined in terms of factors h (k)γ j,αβ , which are written in terms of two-point and three-point Passarino-Veltman scalar functions [76, 77] , usually denoted as B 0 and C 0 , respectively. In this Appendix, the expressions of these factors are displayed explicitly. Such expressions correspond to the case in which final-state quarks are zero-mode u-type quarks. The results for final-state d-type quarks are obtained from the equations provided in this Appendix by replac- 
